The University of Tokyo, Tokyo 153, Japan (Received May 9, 1996) In this report, we describe the radical scavenging activities of PQQ, imid azopyrroloquinoline (7,10-dihydro-7-oxo-imidazo [4,5-1-ij] pyrrolo [2,3- f]quinoline 1,3,9-tricarboxylic acid (IPQ)) compounds synthesized from coenzyme PQQ and various amino acids, and monoesters with ester groups at C-2 of PQQ and C-9 of IPQ using the Electron Spin Resonance (ESR) method, as well as the protective effects against various injuries in cells, eggs, mice and rats.
MATERIALS AND METHODS
Test compounds. The compounds used in this study were PQQ, IPQ com pounds, and monoesters of PQQ and IPQ as shown in Fig. 1 .
PQQ. PQQ was prepared by a previously described method (13, 14) which uses Hyphomicrobium denitrificans TK 0441 (15) .
PQQ monoesters. Two monoesters of PQQ were synthesized; 7,9-dicarboxy
(PQQ-7,9 DCA-2-ME) and 2-allyloxycarbonyl-7,9-dicarboxy-4,5-dihydro-4,5-dioxo-lH-pyr rolo[2,3-f]quinoline (PQQ-7,9-DCA-2-AE). PQQ-7,9-DCA-2-ME was synthesiz ed by a previously described method, and these PQQ monoesters, with an ester group at C-2 of PQQ, were the most stabilized compound in the PQQ esters (11) .
IPQ compounds. Eleven IPQ compounds were synthesized from PQQ and various amino acids (16) IPQ esters. Two monoesters of IPQ were synthesized: 1,3-dicarboxy-7,10 dihydro 9 -methoxycarbonyl 7 -oxo-imidazo [4,5-ij] pyrrolo [2,3-f] quinoline (IPQ 1,3-DCA-9-ME) and 9-allyloxycarbonyl-l,3-dicaroxy-7,10-dihydro-7-oxo-imidazo [4,5-ij] pyrrolo [2,3- f]quinoline (IPQ-1,3-DCA-9-AE).
IPQ-1,3-DCA-9-ME was synthesized by a previously described method, and these IPQ monoesters, with an ester group at C-9 of IPQ, were the most stabilized compound in the IPQ esters (11) .
Chemical structures of monoesters of PQQ and IPQ. The monoesters of synthesized PQQ and IPQ were subjected to analysis of melting point, elementary analysis and visible, ultraviolet, 1H-NMR and IR spectroscopy. All melting points were determined on a Yanagimoto micromelting point apparatus without correc tion. Absorption spectra were measured with a Hitachi 220A spectrophotometer (Hitachi, Tokyo, Japan), and the samples were dissolved in acetonitrile. 1H-NMR analysis was done with a JEOL JMN-PMX Si NMR spectrometer (JEOL, Tokyo, Japan) operating at 90MHz and using tetramethylsilane (TMS) as the internal reference.
The samples were dissolved in deuterated dimethylformamide (DMF-d7). IR analysis was done with a Hitachi 260-50IR spectrometer (Hitachi, Tokyo, Japan) using the KBr method. * Decomposition occurred during the assay . ** Sublimation occurred during the assay. Preventive effects on hydrocortisone-induced cataracts in chick embryo When 15-day-old chick embryos were treated with hydrocortisone for 48h, almost all lenses were induced cataracts classified as stage IV-V (7, 17) . The preventive effects of PQQ, IPQ and their monoesters on hydrocortisone-induced cataracts in chick embryo are shown in Table 7 . IPQ and the monoesters of PQQ and IPQ showed clear control action on cataract, like PQQ (7), and prevented the formation of cataract and the decline of lenticular in developing chick embryo after hydrocortisone treatment. Preventive effects on liver injury in rats The administration of CCl4, caused GOT and GPT to increase plentifully, but this increase was significantly prevented by the administration of PQQ, IPQ and their monoesters intraperitoneally, as shown in Fig. 3 and Table 9 . Furthermore, this significant preventive effect in the increase of GOT and GPT was shown by the administration of the monoesters of PQQ or IPQ orally, as shown in Figs. 4 and 5 . The administration of these test compounds significantly influenced the develop ment of decreased GOT and GPT in the serum of CCl4-administered rats compared with untreated CCl4-administered rats (p<0.01, n=5). However, the administra tion of PQQ and IPQ compounds orally did not prevent increases in GOT and GPT caused by CCl4 (data not shown).
DISCUSSION
PQQ, IPQ compounds and the monoesters of PQQ and IPQ were used in this study, and the radical scavenging activities of these compounds in vitro were studied using ESR. Furthermore, the preventive activities of these compounds on various radicals in vivo were studied using cells, eggs, mice and rats . Superoxide and hydroxy radical scavenging activity in vitro experiments dif fered between PQQ compounds and IPQ compounds. PQQ and PQQ monoesters showed strong activity compared with IPQ compounds, and the difference of activity between these compounds may be caused by the ketone numbers of these compounds. Furthermore, the radical scavenging activity of PQQ compounds for the superoxide radical was approximately 1,000 times the activity for the hydroxy radical. On the other hand, PQQ compounds and IPQ compounds prevented the chemiluminescence enhanced by the addition of CCl4 to isolated hepatocytes , hydrocortisone-induced cataracts of chick embryo, mortality by endotoxin shock in mice as the result of administration intraperitoneally (except PQQ) and liver injury in rats induced by the administration of CCl4 intraperitoneally.
The radical scavenging activity in vivo experiments were identical between the PQQ and IPQ compounds, and were not related to activity in vitro experiments using ESR . This may be caused by the changing of IPQ compounds to PQQ in cells . In fact, in microorganisms, an enzyme that changed PQQ-glycine adduct (IPQ) to PQQ has been reported (20) . Additionally, the monoesters of PQQ and IPQ prevented liver injury in rats induced by the administration of CC14 orally. Furthermore , the monoesters of PQQ and IPQ inhibited the increase of chemiluminescence induced by CCl4 more effectively than PQQ and IPQ, respectively. These results show that the monoesters of PQQ and IPQ were improved with the absorbability of PQQ and IPQ by oral administration or injection into cells. On the other hand , the administration of PQQ did not prevent mortality by endotoxin shock in mice . This result may be caused by the toxicity of PQQ (21) .
The strong radical scavenging activity of PQQ and the existence of PQQ in human and rat samples (5) suggests that PQQ functions as a radical scavenging factor in addition to a cofactor of quinoprotein enzymes . Furthermore, PQQ monoesters with an ester group at C-2 of PQQ and IPQ monoesters with an ester group at C-9 of IPQ are desirable compounds as treatment or preventive medicine for diseases caused by radical compounds on the basis of strong radical scavenging activity, absorbability into cells, toxicity, safety and chemical stability (11) .
